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Fig. 1. ‘The solar corona as depicted in an original drawing 
by the late Mr. Wesley, Sceretary of the Royal Astronomical 
Society. The drawing was made from the negative of a pho- 
tograph made by Mrs. Annie S, Maunder, who photographed the 
22 January 1808 eclipse at Talni, Hyderabad on a Sandail triple- 
counted plate. The conneetion between the outer coronal 
streamers, which extended to an unusual distance in 1898, and 
netive regions on the surface of the sun as well ag magnetic 
storma on the earth remains a challenging mystery of solar 
physics. 


is limited only by scattering within the instrument. . 


The balloon-borne instrument can, in’ practice, be 
placed above only about 997 of the atmosphere, and 
it ix necessary to examine the character of the skylight 
at high altitudes more closely. Measurement at 
altitudes of up to 25,000 m at wavelengths from 0.4 
nto 0.8 # show a sky radiance of the order of 10-* that 
of the mean solar disk."* Comparison of the corona 
and the sky at 25,000 m, as in Fig. 2, suggests that at 
d = 1.2 the corona should be visible to approximately 
four solar radii. ‘To detect. the corona at the desired 
six volar radii the sky background must be reduced by a 
factor of three by carrying out the observations at an 
altitude of 33,000 m. 

Before describing the techniques by which the seat- 
tered light in the coronagraph can be reduced to a 
radinnee of the order of 10>? that of the disk of the sun, 
a value that is only slightly above the sky encountered 
during a solar eclipse, we shall review the scattering 
produced in the traditional Lyot coronagraph, 


Sources of Scattering in the Lyot Coronagraph 


In his patient analysis of the scattering by a simple 
objective lens Lyot distinguished five sources of stray 
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light which ean all be seen clearly in a lens illuminated 
by a synthetic sun (lig. 3). As in the coronagraph the 
“solar image’’ is occulted by a disk, and the lens is 
viewed in the stray light which passes the disk. The 
sources of scattered light are: 

1. Diffraction at the aperture of the objective lens. 
If unobstructed, this‘diffraction ring produces a radi- 
ance in the field of the coronagraph of approximately 2 
X 10>‘ of the mean solar radiance B 5. 


2. A spurious solar image produced by multiple 


reflections in the objective lens. This image is about 
1/, of the focal length away from the objective and 
introduces stray light of radiance 


B = 6 X 10-*(f/D)'Bo, 


where f' is the focal length of the objective and D its 
diameter. In lig. 3 the central brian spot is slightly 
out of focus. 

3. Macroscopic iicmumenelien! in ve glass. ” Small 
bubbles and inclusions produce many of the randomly 
distributed starlike spots in lig. 3. 


R, 
<? ! 2 3 L} if) 


Degrees 


Fig. 2. A comparison of the radiunce of the sky at 25,000 
meters and of the solar continuum corona at several wavelengths. 
The radiances from O44 yw to 0.8 w were measured”? while the 
values at longer wavelengths were inferred from. the size dis- 
tribution of the particles determined by means of the angular 
distribution of seattered light at visible wavelengths. Coronal 
radiances are plotted asa funefion of the distance from. the 
center of the solar disk in units of the solar radius R-. 


v 
\ 


Wig. gol fens Hbumisetes! by a daberatecy seuree of 2 mined are diameter, “This particular lens preaiueced 
a Heh of nee SE XK Ws thot of the mesa salir dish, 
b. Departures of the surtiee of the lens froma seuree produces an apparently uniform birgze over the 


ire, We here distinguish berween the 


Piss in tle 


eect the abies produen entire aper 


veo thee tosbebebes within the Inaerescopie Inhumegencities in the hiss, sued: se binge 


stitrlthes dniages 5 


Jated tnieroseapie ine 


the sturiseces from: ides] bubbles and strintions. cseuredc 


bre othe seeenedt jes, 


ietas Fey f 


Evet denned theet fy sing a He 


etait aperture which did tet poss the frtiss 


ebeset teesielitmg tes 


. weg 
a Bere Ph -mecsgt Sars 


J) APPUED OFTICS I 


Best Available Copy 


Table |.. Comparison of Scattering by Sample Coronagraph Lenses 


-° BB. 
e clo ® 
Cass *. Sample : 4 ‘ for 
t¥pe no. _ Manufacturer Strine 7” Granulation Surface Bubbles Flnerescenee XO = O St pg 
, Namples free of obvious surface dete ets cad striae 
“BSC-2 4 Corning “Absent. - Weak Good 7” Very few > Faint yellow 14 
Fused silien 3 Corning Absent Weak Good | + < Very few - : 7 
(schlieren ‘ : : 
grades 
BK-7 2 Sehott Absent Medium Ciood Few - 
BK-7 ! Sehott Absent Medium Cwod ow a 
Ultrasil 2 Magelhard Absent, Medium- Good Few. 4 
strong 
PRK-2 1 Schott Absent Medium Good Few 0 wg wk 
Fused silien | Corning Absent Weak Pits? Several 4.2 
(Sehlieren 
grade) ; 
Ca Fe ! Harshaw Absent, Severe Slecks? Medium Strong bhie | 
Samples with defects : 
BSC-2 1 Corning Wide- Medium Good Few Faint yellow 28 
band 
Ultrasit | Engelhard Absent Medium. Serateh Few sot 
. trong 
BSC-2 2 Corning Band Medium Cioud ow Faint vellow aaa 
BK-7 3 Schott Abseut 2 Poor polish Fow 5.0 
hed ! Sahott. Abert. Medium Faint Several Faint blue ive 
xeriteh : 
Ba-SPS-1 1 Schott Absent 2 Ktehed by Strong vellow 15 
G ceaning in 
writer 


flection spot by placing a smali ceculter on the center 
of the second objective lens he was able to reduce the 
stray light in the coronagtaph to about X 10 8 He 
concluded that most of the residual illumination is due 
to the seattering by the inevitable bubbles and in- 
clusions and by the body-seatter of the glass, Since 
the technology of glassmaking has advaneed consider- 
ably in the intervening 30 years, it appears fruitful te 
seck an optical medium that can be fashioned into a 
coronagtnph lens with considerably less seat tering. 


Scattering in Various Optical Media 


It must be remembered that forward seattering by 
the imperfections of the objective lens is of great im- 
portance ins the coronagraph. 
large bubbles and by irregularities of microscopic (0.5 
# fo 100g) dimensions completely dominates that from 
any irregulatities of atomie (EA to 10 A) seule. This 
fact is emphasized by the observation that objective- 
lens seattering is many orders of magnitude higher than 
one would expeet from the random density fluetnuations 
inherent in the glass." 

With this information in mind we can place some 
very general requirements on the medium for a eoro- 
nagraph lens in approximately the following order of 
importance: 


Thus, senttering by 


134 APPLIED OPTICS / Vul. 2, No.2 ; February 1963 


ft. Absence of striations, bubbles, and inelusions. 

2. Ability to take a fine polish and to resist seratehes 
during cleaning (hardness). 

3. Absence of fluorescence in the speetral region of 
interest. ° aoe! 

4.0 Resistance to etehing by water. the common 
solvents, and various sir-borne pollutants likely to be 
encountered during use. 

3. Absenee of birefringence. 

These requirements suggest (he use of several of the 
colorless, cuble crystals such as cristobalite. spinel. 
and diamond, whieh are hard enough to resist: seratele 
ing. Unfortunately, large optical quality: samples of 
these minerals are rare, Such minerals as fhiorite 
(Cab), barinin fluoride, and lithium fluoride, whieh ean 
he obtained as large synthetic ervstals of optien! quality, 
are so soft Chat they are. in our experience, nearly im- 
possible t6 polish to coronagraph quality. 

We have tested several samples of modern glisses by 
using creh one as the objective 62.5 em diameter; 24 
em foew) length) of a small, laboratory coronagraph. 
Radiation from the entire coronagraph field of diameter 
of approximately cight solar radii was recorded by a 
photomultiplier, whieh was calibrated bya series of 
opal glasses of known surlace radiance placed before the 
objective. Comparison between independent measure- 


nents indicates that the scattering from a. particular 
simple is accurate to about 106. 

The results of these measurements appear in Table I 
in whieh the various lens simples are listed in order of 
their excellence. Sinee the 
chosen for absence of bubbles, it is not surprising that 
only a few of the samples show a large amount of 
seattering. — Elowever, all the samples had some body- 
seattering in the form of a “granular structure” “The 
fact that those lenses with the weakest granulation also 
seattered the least amount of light indicates that this 
structure contributes signifierntly to the seattering by 
the Jens. Under high magnifiention the granubar 
structure in the glasses and the fused siliea can he 
recognized as a regime of minute bubbles which seem 
to he merely the lower size range of the speetrum of 
The less frequent but) larger) bubbles 
ean, of course, be reeognized as individuals. Granula- 
tion in the Nuorite sample, however, was of an entirely 
different character and appeared ies a collular stricture 
distributed throughout the volume of the erystal. 

Examination of ‘Table To also shows that faint 
stratches and striae ean add approximately | 2 xX LO ¢ 
per serateh to the seattering. 
Lully selceted blanks of the common crown glasses: BSC-2 
or BK-F aswell as the best qrades of fused quarts make the 
best coronagraph objectives xo far as scattering is con- 
Although the E-4 lens seatters: significantly 
More than the best samples, it does not seem to deserve 
the bad reputation for high seatering usually associated 
with flin€ glass and could doubtless be used as a cvom- 
ponent in an achromatic coronagraph lens suitable for 
ground-based observation, 

Althongh these optical media are transparent in the 
Visible region, several of them absorb rather strongly 
at short wavelengths. Unfortunately, energy absorbed 
ato short) wavelengths may reappear ine the form of 
fluorescence and contribute a signifieant amount to the 
stray light in the coronagraph field. “This is illustrated 
by the case of diamond apparently an otherwise suit- 
which when 
irradiated by light of wavelength shorter than 2600 A 
fluaresces in the blue or in the green.'® Several of the 
lens simples tested for seattering also exhibit) flio- 
rescence ia the visible Clable 1). The glasses contain- 
ing semewhat loosely bound ions of boron, barium, and 
lead, within the iQ. network of the ghiss have strong 
absorption in the 2000 fo 3000 A region and show the 
strongest flioreseenee.” though we have made no 
comparison on an absoelute intensity basis, the flue- 
rescence of BSC-2 glass suggests that) this otherwise 
excellent lens medium should not be used in a core- 
Nagraph operated completely above the atmosphere 
where the ambient, ultraviolet Hus is extremely digh. 
In fret, even fused Cyr z flooresces under exposure fo 
sufficiently short wavelength radiation. “The design of 


varieties of glass were 


bubble. sizes. 


One concludes that care- 


corned, 


able medium for coronagraph lenses 


a satellite-borne coronagraph should be made with the 
possible hazard of fluoreseence in mind. 4 coronagraph 
at balloon altitudes is protected trom radiation short of 
3000 A oby the averlying ozone absorption, and the 
selection of a lens free from fluorescence is correspond- 
ingly exsier. 


Reflecting Coronagraphs 


One concludes from the preceding seetion that 
minute bubbles within even the best glasses prevent the 
construction of coronagraph lenses of close to theoretical 
performance so far as light scattering is concerned. In 
the reflection coronagraph the pinholes, minute hills, 
and granular structure that appear in metals deposited 
on glass seatter more tadiation than the imperfections 
within the glass of the ordinary system." Until new 
technigues of depositing completely uniform coatings 
of metal on glass or of producing polishable metals of 
high quality are developed to a sufficient. standard of 
excellence, the uncoated mirror offers a useful alter- 
native, ‘The mirror coronagraph with uneoated  pri- 
mary surface takes advantage of the excellent polish 
whieh ean be given to such media as glass or quart, 1s 
well as the fortunate cireumstance that the bubbles in 
the medium seatter principally in the forward direction. 
Our tests of the seat tering from a sample of fused quarts 
show that. the advantage of low baekseatter more than 
compensates for the disadvantage of the small re- 
flectivity of the primary surface, ‘The seattered light 
in such a coronagraph should be at least an order of 
magnitude smaller than in the objective lens eorona- 
graph. We are presently investigating the practicality 
of such a reflecting svstem. 

Disposal of the unwanted radiation passing through 
the primary surface can, of course, bea problem. The 
use of an opaque glass or an antihaation coating on the 
back surface is likely to heat the mirror excessively and 
cause distortion of its figure. However, very simple 
schemes, such as shown in Vig. 1, allow most of the 
tadiation to pass through the mirror to a light: trap 
while only 4°; of the incoming flux must be absorbed 
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lens is shown in Fig. 6.0 Such a deviee is rather im- 
practical since the oeculting disk also blocks most of 
Acmore subtle artifice is to apodize the 
oeculting disk. 

The technique of apodization?? * 
modify the diffraction pattern about the Gaussian imiige 
point of a lens by a suitable variation of the transmission 
aeross the leas, “The same technique, under the name 


the vorona. 


of “antenna tapering,” has been used by radio engineers 


to suppress the side labes of the patterns of radio inter- 
ferometers. “The aperture stop at the second objective 
of the Lyot coronagraph produces, ina very real sense, 
an apodization of the objective lens in which resohition 
is snerifiecd for a dramatic decrease in the diffraction 
far from the Gaussian image point. 
problem is that of the apodization of the oceulting disk 
except that the conditions of Fresnel rather (han lraun- 
hoter diffraction apply. 
light diffracted by the external oceulting disk into the 
aperture of the objective Jens by a suitable “tapering” 
of the disk outside the limb of the sun. 

A point soaree Huminating a disk produces a bright 
spot in the center of the shadow. ‘This bright spot is 
seen in Fig. 7. [fat means can be found to eliminate 
the central spot behind the oceulting disk, the major 
souree of stray light in the externally oeculted corona- 
graph can be removed, 
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Fig. 7. The distribution of light iu the shadow on. ireal 
ceenlting disk illuminated Iya point souree, ‘Phe bannilisr, 
bright, central spot is predicted hy the Fresnel diffraction theory, 
The racial dines are enused by minute irregiiariges ite the edge 
of the oeeulting disk. 


To sce that the bright, central spot can be removed in 
principle, consider the amplitude at the point P illu- 
minted by a point source Py By the Presnel theory 
the amplitude at P is"! 
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plitude of the seeondury wavelets with angle of dif- 
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hig. 8. The distribution of light tn the shadew ef a multiple 


eceulting dish cae and a teethed wheel -b- illuminated bya 


peint souree, Vhe disappearance of the beteht central spot. is 


ebyiens, The muttiple eceulting dish was enteulited se that 
the objective aperture would be completely ceatained ino the 
central dark region af the shadew. 
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Following the argument, we onete that) the terms 
In parentheses are vanistingly smalbsinee 


and 


welassieal result, 

Consider, new, that although the frst 2 zones are 
blocked, the zones from 7 te ae are not completely clear 
but obsevred by an apodization fretor a; Correspond- 
Ineto Ma. 2 we have 


af! 


ae jiseven. ‘To retain the feature of the ordinary 
Fresnel diffraction theory we need only require that 
ape ap yanda,, «1. The usual argument concerning 
the vanishing of the braeketed terms still applies and 


, pehTNT§ pete we 
‘ i 
A similar result holds forodd a7. 

Thus, the intensity at P ois reduced tay ti factor a)”, 
which. in principle, can be made arbitrarily small. ca! 
the contrat dnight spot (Fig. 2) ean he sibstantially reduced 
mm intensity, Although the illuminating: source for a 
practical] coronagraph has a finite solid angle, the prob- 
lem is essentiaily the same with eneb point of the solar 
disk acting as a coherent source, 

Several means of producing the apodization have 
heen suggested. An ingenious scheme, due to Purcetl 
and: Koomet makes use of an oeculting disk with 
sharp teeth whiehtextend bevond its normal diameter, 
Although their explanation of the operation of sieht 
disk that the feeth diffraet: perpendiculark: te their 
straight surfaces and thas do not seatter Hight into the 


objective aperture does not emphasize the plivsies of 
the diffraction process, their requirement dint the teeth 
have extremely sharp bottom is seen to be a mautural 
one Trom the mathematical development. 40 second 
form oof the apodized oeculting disk is one attached toa 
radially svmmetrie filter whese transmission changes 
Trom nearly zeroat the edge of the completely opaqaie 
disk tea cunitye ats darger radies. “Phe obyviors dis- 
advantage of suchoacseheme thi irremilarinie. in the 


Hier medium difraet light inte the objectiy eaperture 
would seem to prevent its use ina practical device, 4 
third stpodizing scheme makes use of a second occeulting 
disk behind the first partially te obsenre the objective 
lens as scen by the Fresnel zones immediately above the 
first oveulting disk. Since the second occulting disk is 
uminated by weak radintion dilracted hy the first, 
itomay in turn diffract radiation into the objective 
aperture. “Vhes, to make the obscuration taetor a, sul- 
ficiently small, we may wish to add a third oceulting 
disk behind the second. Sinee the toothed wheel as an 
external oeculting disk has been thoroighly discussed 
by Pureell and Koomen,“ we shall proceed immediately 
tothe detailed description of the multiple disk. 

As ean be seen in Fig. S, both the toothed wheel and 
the multiple oceulting: disk climitaute the bright. dif- 
fraction spot in the center of Che shadow. “Po make at 
quantitative comparison of these various oceulting 
schemes we used ribbon filament lamp as a svnthetic 
sun and measured the light: diffracted into a stall 
aperture in the center of the shadow. “The efficaey: of 
the sevond oeculting disk is immediately apparent in 
Fig. 9, whieh shows the reduction in the flax into the 
objective aperture ats ca function of the position of the 
second occulting disk. “Che masimun: reduetion occurs 
just when the second and snudler disk completely ob- 
seures the objective lens from the edge of the first disk. 
The addition of a third oceulting disk produces a further 
reduetion in the thus falling on the objective aperture. 
It is of interest to note that the use of only disks Nos. 
Fand Sof the three-disk configuration prodiices a some- 
what poorer flux reduction than that accomplished by 
all three disks. ‘The performance of these various 
ovecitting schemes is summarized in ‘Table TE ‘The 
logic extension of the three-disk ocentter, an oeculting 
disk with many components spiced between the posi- 
lions of disks Nos. Tan 3. performs somewhat less 
well Chan does the three-disk svstem. While the system 
with [70 disks should behave as wellor better than the 
three-disk systern. the inevitable irregularities in’ the 
disks undoubtediy throw spurious radiation into the 
objective aperture. “Phus. by the use of a multiple 


occulting disk of appropriate design, we can bring about 
acreduction in the flay inte the objective aperture of the 


Table (1, Comparison of Occulting Disks Illuminated by an 
Extended Source of 32 Min of Arc Diameter 
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Fig. Reduetion of (iy into an objective apertire hy two- 
wid Chreeslisk oeeulting xvstems plotted ax a hunetion of the 
spacing between the disks. “The experimental arrangement 
was the stipe as was used in the mencurements shown in Fig. 6 
with the first dish placed 76 ci from the objeeGive apertare 
and the ather disks placed cer coward the aperture. 


coronigraph and thus a reduction in the stray: light 
in the coronagraph of approximately 2.6% 1004 This 
represents an improvernent of approsimnately a fietor of 
ISs-aboye the performanee of the simple externally oe- 
culfed disk coronagraph. Nee els finplics that the 
stray light in the complete coronagraph would le a pproei+ 
mally S % 10 af the mean solar dish, such a design 
appears usctiud for aowide rartcty af bath satellite and 
hatloon-barne crperrne nts, 

We might sav oa word concerning Che comparative 
advantages and disadvantages of the two occulting 
schemes the multiple oeeulting disk and the toothed 
wheel, Puecelland Koomen have obtained a reduction 
in the shadow of a toothed-wheel occulter ilhuminated 
by a point sence of approximately a faetor of nine over 
the simple disk. This reduction compares favorably 
with that prodneed by the multiple disk. Our tests of 
a footbed wheel with an extended source subtending 
S2nin of are produced an improvement of only a factor 
of tywocaver the simple disk: however, we attribute the 
poor performance ef our toothed wheel to irregularities 
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Table fll. Comparison of Balloon-Borne and Satellite Coronagraphs 
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in the structure of the teeth. This ditferenee imme- 
diately points toa disadvantage of the toothed ovculting 
disk the difficulty in makinga toothed wheel accurately 
enough to realize the full capabilities of the apodized 
oceulling disk. ‘The relative ease of fabricating ae- 
eurately: machined disks of controlled diameter fora 
multiple ovculting disk is, however, compensated by a 
disadvantage of the multiple oeculting scheme the 
series of disks aiist all be accurately aligned on the optic 
unis of the system. 


Comparison of Externally Occulted Coronagraphs 
Carried in Balloons or Satellites 


Since iis possible to constrict a coronagraph: hiv ings 
itn instrumental background only stightly different trom 
that encountered during total solar celipse, itis wise te 
compare the advantages and disndvantages of siueh 
an instrument when carried cither ony satellite or ona 
balloon (lable FEL. Since both deviecs would be limited 
by the devel of internally seattered light, both enn be 
expected to detect the corona ont to approximately 
six solar radii. 

Perhaps the most remarkable difference between the 
two systems is the tength of the observing periods. 
Another important difference exists inthe ite at which 
they gather images of the corona. | Asscaming that beth 
coronagraphs have an angular resolution of one minute 
of are, we find that approximately 2 10 Cimage points 
esist in the field. Tf we are to distinguish 50 intensity 
grades ait each one of these locntions, six bits per loen- 
Gon 1 X10 bits per complete: image of the eo- 
rona are required. Although the present. satellites 
suffer trom their low data handling capacity 20 hits 
per sceond for OSQ-1). both systems gather appresi- 
mately the same number af images per flight, Clearly, 
the second generation satellites. with their vastly im- 
proved telemetry systems, will be able to erry a 
coromigraph which ean produce images of the corona st 
At the 
present time, hewever, the two veronagraphes can per- 


the sumeorate as the batlogn-berne versien. 
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form two complimentary and important funetions 
The balloon-borne instrument, being capable of pro- 
ducing fairly rapid) photographs fora relatively short 
period. can give information on the transient phenom 
enar the satellite-borne instrament, on scerlar changes. 
Withont both types of information our knowledge of the 
solar corona will be severely limited. 
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